I. INTRODUCTION
Strain can have a dramatic effect on the properties of thin films. Strain-induced shifts in magnetic, [1] [2] [3] ferroelectric, [4] [5] [6] [7] [8] [9] [10] [11] and superconducting [12] [13] [14] transitions have been reported. For the case of strained SrTiO 3 , a ferroelectric transition has been induced in the vicinity of room temperature even though pure, strain-free SrTiO 3 is not ferroelectric at any temperature. 9 These strained SrTiO 3 films grown on ͑101͒ DyScO 3 substrates 15 show a tunability of the dielectric constant at room temperature of 82% at 10 GHz ͑Ref. 9͒ and dielectric constant maxima near 20 000 at 500 Hz. 18 Presumably, these properties may change with film thickness, as the strain should relax due to dislocation generation in thicker films. In this paper we investigate both the critical thickness at which ͑001͒ p SrTiO 3 films ͑where the p subscript denotes the pseudocubic Miller index͒ on ͑101͒ DyScO 3 begin to relax and how this relaxation proceeds as the film thickness increases. 19 
II. EXPERIMENTAL PROCEDURE
Untwinned single crystals of the orthorhombic perovskite DyScO 3 were grown by the Czochralski method. [20] [21] [22] [23] [24] These crystals were oriented along the ͑101͒ plane and cut into 10ϫ 10ϫ 1 mm 3 substrates with a surface suitable for epitaxy. 25 DyScO 3 is free of phase transitions from room temperature to at least 930°C and has thermal expansion coefficients comparable to SrTiO 3 and other perovskites. 26 This and the low vapor pressure of its constituents make it a suitable substrate for the epitaxial growth of perovskites, including SrTiO 3 .
These substrates were cleaned in an ultrasonic bath for 10 min in Micro cleaning solution, 27 followed by acetone, isopropyl alcohol, and de-ionized water and then spun dry. 28 SrTiO 3 films were grown by reactive molecular-beam epitaxy ͑MBE͒ in a Veeco 930 growth chamber to thicknesses of 50, 100, 250, 350, 500, 1000, and 2000 Å. The substrates were heated using a pyrolytic graphite heating element coated with pyrolytic boron nitride 29 to a growth temperature of 650°C ͑as measured using an optical pyrometer͒.
The SrTiO 3 films were grown using elemental molecular beams of strontium, titanium, and oxygen. The strontium source was a Veeco low temperature effusion cell loaded with 99.99% pure strontium metal premelted into a titanium crucible. 30 The titanium source was a Ti-Ball 31 sublimation pump. 32 To oxidize the films, a molecular beam consisting of a mixture of oxygen and ozone ͑ϳ10% O 3 ͒ was used. The mixture was produced by passing 99.994% pure oxygen through an ASTeX AX8401 ozone generator. 33 Its output was a͒ Present address: Center for Nanophase Materials Science, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830.
continuously flowed into the chamber through a Nupro SS-4BMW leak valve 34 from a continuously pumped loop of the oxygen-ozone mixture to minimize ozone decomposition. Once past the leak valve, the oxygen-ozone mixture travels down a water-cooled electropolished stainless steel tube ͑6 mm diameter͒ that is directed perpendicular to the substrate surface and ends 64 mm from the front of the substrate. During growth, the background pressure of the chamber was increased with this O 2 / O 3 mixture from a base pressure of ϳ5 ϫ 10 −9 to 3 ϫ 10 −6 Torr. This pressure was maintained after growth until the sample had cooled to room temperature to minimize oxygen vacancies.
These films were grown using a shuttered growth technique, similar to that used in the migration-enhanced epitaxy of GaAs. 35 For the specific case of SrTiO 3 growth, the heated substrate is exposed to alternating monolayer doses from strontium and titanium molecular beams under a steady flux of oxygen/ozone. The fluxes of the strontium and titanium molecular beams and the stability of these sources were determined using a quartz crystal monitor placed in front of the substrate. The temperature of the strontium and titanium sources are adjusted to give a flux of ϳ4 ϫ 10 13 atoms/ cm 2 s from each source, yielding an average growth rate of about 7 Å / min. Reflection high-energy electron diffraction ͑RHEED͒ was implemented to optimize the stoichiometry of the growing SrTiO 3 film in real time and monitor the growth. 36 A calibration sample was used for RHEED optimization before the growths to ensure the correct stoichiometry at the beginning of the growth.
Structural and microstructural characterizations of the films were then completed. The 2000 Å thick film was riddled with cracks and was not analyzed by x-ray diffraction ͑XRD͒. For the remaining films, the lattice parameters and crystalline perfection were examined via x-ray scattering both on beamline 12ID of the Advanced Photon Source and using a Philips X'pert material research diffractometer ͑MRD͒. 37 The Philips X'pert MRD four-circle x-ray diffractometer was used with a hybrid monochromator ͑combined graded multilayer mirror and a four-bounce Ge 220 monochromator͒ on the incident side and a triple axis two-bounce 220 Ge analyzer crystal. For higher intensity only the graded multilayer mirror was used in place of the hybrid monochromator on the incident side. The synchrotron was used to examine the strain state of the thinner films using grazingincidence x-ray scattering with 24 keV x rays and a fixed incidence angle of 1°͑except for the 50 Å film, where higher intensity was needed and an incidence angle of 0.1°w as used͒. 38 To determine whether oxidation altered the structure of the as-grown films, the lattice parameters of the 100 Å thick SrTiO 3 film were monitored in situ as a function of oxygen partial pressure at 700°C in a controlled atmosphere environment. 39 High-resolution transmission electron microscopy was performed on a JEOL JEM-3011 transmission electron microscope 40 to image misfit dislocations and determine their Burgers vector. Rutherford backscattering spectrometry ͑RBS͒ at the Forschungszentrum Jülich was used to ensure correct stoichiometry and characterize the crystalline quality of the films using RBS channeling. In addition, the film surfaces were imaged using Veeco Metrology multimode IIIA scanning probe microscopes 41 in intermittent contact mode at 0.6 Hz.
III. RESULTS AND DISCUSSION
A. Epitaxial growth of SrTiO 3 films on DyScO 3 The DyScO 3 substrates used in this study have an orthorhombic GdFeO 3 crystal structure with space group Pnma. The lattice constants of the substrate were determined from our experiments to be a = 5.7196Ϯ 0.0005 Å, b = 7.9025Ϯ 0.0008 Å, and c = 5.4422Ϯ 0.0004 Å which are in reasonable agreement with previous data. 17, 23, 24, 26, [42] [43] [44] [45] The slight difference in lattice constants from literature values is attributed to small stoichiometry differences, as has been noted in other GdFeO 3 -type compounds. 46 This comes about because the composition at which DyScO 3 melts congruently is slightly dysprosium poor compared to the stoichiometric Dy: Sc=1:1 composition. 23 To utilize DyScO 3 as a substrate, the crystal is cut along the ͑101͒ plane to match the lattice constant of SrTiO 3 . The ͑101͒ plane of DyScO 3 consists of a rectilinear surface net spanned by the ͓101͔ and ͓010͔ DyScO 3 vectors. This surface is schematically shown in Fig. 1 , where it can be seen that the DyScO 3 ͓101͔ axis, for the measured samples, have a slightly shorter pseudocubic lattice parameter of ͑101͒ DyScO 3 , the ͑001͒ p SrTiO 3 plane is parallel to the ͑101͒ DyScO 3 plane, and the ͑100͒ p SrTiO 3 plane aligns parallel to the ͑010͒ DyScO 3 . The epitaxial relationship is ͑001͒ p SrTiO 3 ʈ ͑101͒ DyScO 3 and ͓100͔ p SrTiO 3 ʈ ͓010͔ DyScO 3 , which is consistent with the epitaxial relationship found in DyScO 3 films grown on SrTiO 3 . 47 Commensurate ͑001͒ p SrTiO 3 films grown on ͑101͒ DyScO 3 substrates are thus strained by ͑a sub − a film ͒ / a film = 1.09% along the ͓101͔ DyScO 3 and 1.19% along the ͓010͔ DyScO 3 ͑where a sub is the in-plane spacing of the rectilinear surface net of the substrate and a film is the lattice parameter of unstrained SrTiO 3 ͒.
The XRD data in Fig. 2͑a͒ show the 20ᐉ p , 02ᐉ p , and 02ᐉ p crystal truncation rods ͑CTRs͒ around the 204 p -type SrTiO 3 peaks from a 500 Å thick film. Finite thickness oscillations extend far in reciprocal space from the SrTiO 3 peak with a constant period ͓see Fig. 2͑b͔͒ . The regularity of the oscillations shown is typical for all of the films and indicates the presence of long range structural order and a smooth film surface, since the breadth of scattering of the CTR is inversely proportional to the roughness of the surface. 48 This quality of films is typically found in semiconductor-grade materials such as GaAs and related III-V semiconductors, 49, 50 but is less commonly observed for perovskite oxide materials.
In Fig. 2͑a͒ it is apparent that there are three distinct positions for the DyScO 3 peak in these scans depending on the in-plane direction. The three substrate peaks near the SrTiO 3 204 p -type peaks are the DyScO 3 424, 206, and 602 peaks. The epitaxial relationship between the SrTiO 3 lattice and the DyScO 3 lattice is represented in the schematic of reciprocal space shown in Fig. 3 . The DyScO 3 reciprocal lattice is slightly tilted from the SrTiO 3 reciprocal lattice because the ͓101͔ direction is not parallel to the normal of the ͑101͒ plane in orthorhombic DyScO 3 . As the y coordinate of the reciprocal lattice, q y , is increased from the origin, the q z position of DyScO 3 Bragg peak will be higher than that of the SrTiO 3 along the same CTR. The result can be seen in the top spectrum of Fig. 2͑a͒ , where the 206 DyScO 3 occurs at a larger q z than the SrTiO 3 peak, and this azimuth is labeled as the ͑+q y ͒ axis. If q y is negative, then the q z position of the 602 DyScO 3 peak is lower than the SrTiO 3 peak along the CTR. This is seen in the lower spectrum in Fig. 2͑a͒ and this azimuth is labeled as the ͑−q y ͒ axis.
B. Stoichiometry and crystalline quality
The SrTiO 3 films were investigated using RBS and channeling to measure the depth profile of the composition and the crystalline quality. The experiments were performed with 1.4 MeV He + ions. The RBS and channeling results for a SrTiO 3 film on a ͑101͒ DyScO 3 substrate are shown in Fig.  4 . Channeling was performed perpendicular to the surface of the substrate as well as inclined by an angle of 45°from the substrate normal along the ͓100͔, ͓001͔, and ͓121͔ directions of the substrate. Comparisons between the simulated and experimental data for a random scattering ͑nonchanneling͒ measurement showed that the Sr to Ti ͑Sr/Ti͒ ratio is 0.9-0.95 with a detection accuracy near 5%. The films are thus stoichiometric within the accuracy of the RBS measurement. The minimum yield of the SrTiO 3 -film is estimated to be min Ͻ 3%. This value is representative of a film with a high degree of structural perfection. The channeling measure- ments found that the ͑101͒ DyScO 3 substrates exhibit maximum channeling inclined from the substrate normal by an angle of ϳ3°which corresponds to the 2.8°tilt between the normal to the ͑101͒ DyScO 3 plane and ͓101͔ DyScO 3 direction. 17, 23, 24, 26, 42, 43 In contrast, the SrTiO 3 thin film shows a maximum channeling normal to the film and substrate surface. This corroborates the epitaxial relationship described previously.
C. Critical thickness and strain relaxation

X-ray diffraction
The lattice parameters of SrTiO 3 were measured as a function of film thickness to identify the critical thickness for the onset of relaxation of the strained SrTiO 3 thin films. XRD data along the CTR were fit to determine the thickness of the films and the out-of-plane lattice constant of the SrTiO 3 . 51, 52 The in-plane lattice constants were then determined using the d spacings of several off axis peaks and the out-of-plane lattice constants. The lattice constants as a function of film thickness are shown in Fig. 5 . The out-of-plane lattice constant does not change as a function of film thickness ͓Fig. 5͑a͔͒. In Fig. 5͑b͒ , the in-plane lattice parameter of the SrTiO 3 is commensurate for the shorter in-plane axis ͑the ͓101͔ DyScO 3 direction͒, but some relaxation is observed for films greater than 500 Å thick along the longer in-plane axis ͑the ͓010͔ DyScO 3 direction͒. This indicates that the onset of relaxation ͑the critical thickness͒ for this system is between 350 and 500 Å. It is also important to note that even at 1000 Å, the film is still ϳ90% coherent along the longer axis and nearly 100% coherent along the shorter axis.
RHEED
The onset of relaxation deduced from the evolution of the RHEED patterns during film growth is consistent with the XRD results, though not as easy to discern. At the beginning of the film growth, Fig. 6͑a͒ , the RHEED pattern of the substrate shows spots on an arc. After 180 Å of SrTiO 3 has been grown ͓Fig. 6͑b͔͒ the RHEED pattern still shows small spots for the first-order diffraction rod. This pattern ͓Fig. 6͑b͔͒ also shows that the lattice constant of the SrTiO 3 is half that of the DyScO 3 , illustrated by the fact that the first-order diffraction spots in Fig. 6͑b͒ are in the same position as the second-order diffraction spots of the bare ͑101͒ DyScO 3 substrate in Fig. 6͑a͒ . This also confirms the epitaxial relationship ͓100͔ p SrTiO 3 ʈ ͓010͔DyScO 3 , as described previously. At a film thickness of 450 Å the first order diffraction rods have broadened ͓Fig. 6͑c͔͒, indicating that the film has started to relax. The exact onset of relaxation by RHEED is difficult to determine since the change is gradual, but by 450 Å the streaking of the first order diffraction rods is clear. This bounds the onset of relaxation to between 180 and 450 Å; thus the agreement between RHEED and XRD is good.
The equilibrium critical thickness was calculated by a mechanical balance equation corresponding to the equilibrium thickness at which it becomes favorable to introduce dislocations, as described by Matthews and Blakeslee. 53 To apply this equation it is necessary, however, to know the slip system that is active. The Burgers vector of a misfit dislocation was determined by both diffraction contrast imaging and high-resolution lattice imaging using transmission electron microscopy. The misfit dislocations are edge type and run along the ͗100͘ p direction of SrTiO 3 . The Burgers circuit in Fig. 7 shows that the Burgers vector is a͗101͘ p , 45°inclined to the film-substrate interface. The projection of the Burgers vectors in the plane of the film-substrate interface is either a͓100͔ p or a͓010͔ p . Some of the misfit dislocations are dissociated into two partials with the Burgers vectors of a / 2͗101͘ p , as shown in Fig. 7 .
This information was used to calculate the equilibrium critical thickness. Poisson's ratio ͑͒ of SrTiO 3 was calculated to be Ϸ 0.23 from =−s 12 / s 11 using the temperature dependent compliances of SrTiO 3 from Rupprecht and Winter 54 extrapolated to 650°C. Using the MatthewsBlakeslee criterion with the ͗100͘ p − ͕011͖ p slip system and = 0.23 gives a critical thickness of ϳ60 Å for a strain of = 1.14%, corresponding to the growth of SrTiO 3 on ͑101͒ DyScO 3 . The discrepancy between the equilibrium ͑Matthews-Blakeslee͒ critical thickness at which it becomes energetically favorable to introduce dislocations and the observed critical thickness is not surprising because the experimentally observed critical thickness is kinetically limited by Peierls-Nabarro stress, dislocation nucleation, dislocation interactions, and other potential barriers impeding dislocation introduction, especially at the relatively low growth temperatures employed. 55, 56 The film relaxation primarily along one direction ͓see Fig. 5͑b͔͒ was initially unexpected. Using the DyScO 3 lattice constants reported in the International Centre for Diffraction Data ͑ICCD͒ powder diffraction file, a cut along the ͑101͒ plane produces an in-plane rectilinear surface net with spacings of 3.9439 and 3.9444 Å at room temperature along the 1 / 2͓101͔DyScO 3 and 1 / 2͓010͔DyScO 3 directions, respectively. 42 This creates a lattice mismatch of 0.996% along DyScO 3 ͓101͔ and 1.009% along DyScO 3 ͓010͔ with SrTiO 3 ͑3.905 Å͒, yielding a biaxial tensile strain with 11 Ϸ 22 in unrelaxed films ͑where 11 and 22 are in-plane strains͒. The nominal difference of 0.0005 Å between the two orthogonal directions of the surface net is on the order of the accuracy of our x-ray diffractometer. The x-ray data on the DyScO 3 single crystal substrates used in this work, however, indicate in-plane surface net spacings of 3.9513Ϯ 0.0004 Å and 3.9475Ϯ 0.0003 Å along the 1/2͓010͔ and 1 / 2͓101͔ DyScO 3 directions, respectively. The difference of 0.0038 Å between the two is much larger than previously reported. This discrepancy may be attributed to differences in stoichiometry between our single crystals grown at the congruent melting composition, 23, 24 and the powder reported in the ICCD powder diffraction file. 42 It is almost certainly the difference in spacings for the two orthogonal in-plane directions ͑ 11 22 ͒ that drives the anisotropy in the relaxation of the SrTiO 3 films. Relaxation can be seen in Fig. 5͑b͒ to occur along the more strained in-plane direction first, as expected.
XRD rocking curves
The rocking curves, in , for these films show a full width at half maximum ͑FWHM͒ of the 002 p SrTiO 3 peak that ranges from 6.5 to 18 arc sec ͑0.0018°-0.0050°͒. As Fig. 8͑a͒ shows, the rocking curve FWHM of the 350 Å thick film is just 6.5 arc sec ͑0.0018°͒, which is the resolution limit of our high-resolution diffractometer. This is the narrowest rocking curve reported for any heteroepitaxial oxide thin film. 57 This structural quality is comparable to that of high quality silicon and germanium single crystals. 58, 59 Similar peak widths were found off axis and in the grazingincident scattering measurements performed at the Advanced Photon Source, indicating that these films have a high degree of uniformity and structural perfection. This high crystalline quality is a consequence of the structural perfection of the DyScO 3 substrate, the template for epitaxial growth. If the rocking curve of the film and substrate are overlaid, as is done in Fig. 8͑b͒ , they have identical shapes and FWHM.
This rocking curve FWHM of our MBE grown SrTiO 3 film is the narrowest reported for SrTiO 3 in any form, including single crystals. [60] [61] [62] [63] Figure 9 overlays the rocking curve of the 002 peak of several commercial bulk SrTiO 3 single crystals grown by flame fusion ͑or the Verneuil process͒ and float zone techniques. 25 In preparing this figure we measured many commercial ͑001͒ SrTiO 3 single crystals 25 grown by flame fusion. The narrowest rocking curve of the SrTiO 3 crystals grown by flame fusion had a FWHM of 63 arc sec. In contrast the broadest, which was comparable to many of the substrates grown by this technique, had a FWHM of 391 arc sec. We also measured a ͑001͒ SrTiO 3 single crystal grown using the float zone technique. These typically have narrower rocking curves than those grown by flame fusion. It had a rocking curve FWHM of 91 arc sec. The MBE grown SrTiO 3 films show a rocking curve FWHM approximately one order of magnitude smaller than these bulk SrTiO 3 single crystals, with FWHM as narrow as 6.5 arc sec. This narrow rocking curve is close to the fundamental limit, the intrinsic Darwin width of SrTiO 3 .
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The strain relaxation can also be observed via the shape of the rocking curves of these films ͑see Fig. 10͒ . Films 350 Å and thinner have sharp, resolution-limited rocking curve widths. At thicknesses above the critical thickness, the rocking curves have components due to both Bragg and diffuse scattering. The sharp peak is attributed to the long range crystalline order of the unrelaxed portion of the film; the diffuse scattering is consistent with the existence of dislocations and local relaxation of the film as is typically seen in partially relaxed semiconductor films or for the heteroepitaxial growth of oxides on semiconductors. [65] [66] [67] The onset of the diffuse scattering occurs for film thicknesses between 350 and 500 Å. The magnitude of the diffuse component is larger for the 1000 Å film. The rocking curves also reflect the anisotropy of the relaxation. In Fig. 10͑a͒ the rocking curves along the two perpendicular in-plane axes are almost identical for the coherent films. In contrast, the 1000 Å thick film shows different shapes along the two orthogonal directions ͓Fig. 10͑b͔͒. As expected, the rocking curve along the longer axis shows more diffuse scattering than the rocking curve along the shorter axis, while both curves have the same integrated areas. This is consistent with the relaxation occurring preferentially along the longer in-plane axis, were the film is under higher strain, in full agreement with the inplane relaxation seen first along the more strained direction in Fig. 5͑b͒. 
Surface characterization
Evidence of the relaxation can also be seen in atomic force microscopy ͑AFM͒ images of the surface structure of the films. AFM images of all the films show terraces separated by 4 Å high steps. Two examples are shown in Fig. 11 . The regular spacing of the steps indicates that films grow by either ͑1͒ the lateral propagation of their step edges ͑step flow͒ or ͑2͒ layer-by-layer growth ͑birth and spread͒. 68 The film surfaces have an rms roughness around 2.5 Å. Even the 2000 Å thick film, which was visibly cracked, showed welldefined steps and terraces between the cracks ͓Fig. 11͑b͔͒.
When imaged over a longer lateral scale, it was found that the coherent films are very smooth ͓Fig. 12͑a͔͒. Once these films reach a sufficient thickness and begin to relax, the surfaces begin to form surface undulations ͓Figs. 12͑b͒ and 12͑c͔͒. This sinusoidal shape is commonly seen in strained semiconductor materials, and has been predicted and observed in films under both biaxial tensile and compressive stresses. [69] [70] [71] [72] [73] [74] [75] [76] [77] This surface roughening mechanism also shows the anisotropy of the stress, in that these surface undulations are only in one direction, whereas three-dimensional mounds are typically observed for uniform in-plane strain. The thicker films also show two additional features that are not seen in films below the critical thickness. There are protrusions above the surface of the film and also small steps resulting from dislocations ͑crosshatch͒ that appear as depressions in the surface; both can be seen in Fig. 13 . On higher resolution examination the protrusions above the surface are found to be associated with cracks ͑Fig. 14͒. Near these cracks the SrTiO 3 juts above the surface of the films. Analogous cracks that appear raised in AFM images have been observed in SrFeO 3 films under biaxial tension. 78 A likely explanation is that the film has delaminated from the substrate near the crack to attain this height ͓Fig. 14͑c͔͒. In the 500 Å thick film ͑just above the critical thickness͒, these surface features are all perpendicular to the longer axis ͑the axis with higher strain͒ and aligned parallel to ͓101͔DyScO 3 ͓Fig. 13͑a͔͒. In the 1000 and 2000 Å thick films, the cracks are no longer limited to relieve the more strained in-plane direction and appear along different directions, though they are still mostly aligned perpendicular to the longer axis ͓Fig. 13͑b͔͒.
The surface steps resulting from the movement of the dislocations form a crosshatch pattern along the ͓100͔ p and ͓010͔ p SrTiO 3 directions ͓Fig. 13͑b͔͒. Imaging of an intersection between a crack and a surface step arising from dislocations shows that some of the crosshatch lines end at the cracks and do not appear on the other side of these cracks ͑Fig. 15͒. This means that the cracks form during growth of the film and not during the cooling of the sample, strongly suggesting that a primary mechanism through which the films relieve stress is through cracking, in addition to dislocation formation.
Annealing effects
To lower the dielectric loss of the as-grown SrTiO 3 / DyScO 3 films, annealing was performed in 1 atm of flowing oxygen for 1 h prior to electrical measurements. 18 To explore the effect of this reoxidation annealing on the film structure, in situ heating experiments in a controlled oxygen environment were performed. An as-deposited 100 Å thick SrTiO 3 film was heated to 750°C and the 006 p SrTiO 3 peak was monitored in situ at the Advanced Photon Source while the oxygen partial pressure was changed from 10 −8 to 10 1 Torr. Each time the pressure was changed, the film was allowed to equilibrate for 15 min. The position of the 006 p SrTiO 3 peak did not change during the experiment ͓Fig. 16͑a͔͒. This shows that the oxygen vacancy concentration did not affect the lattice parameter of these films. This is in sharp contrast to the commonly observed expanded lattice constant of SrTiO 3−x thin films grown by pulsed-laser deposition at low oxygen partial pressures, 79, 80 which expand further upon annealing in oxygen. 80 Similar insensitivity of the lattice constant of the SrTiO 3−x to oxygen vacancies, however, has been noted in experiments on bulk and single crystalline SrTiO 3−x . [81] [82] [83] For films below the critical thickness, no change in the strain state during the reoxidation annealing was observed. For further comparison, the rest of the samples were annealed at 700°C for 1 h in flowing oxygen ͑1 atm͒ and the lattice parameters of these films were remeasured. For the thinner films the lattice constants do not change after annealing ͓Fig. 16͑b͔͒. In contrast, the 500 and 1000 Å thick films relaxed further on annealing. This is not unexpected since the relaxation is kinetically limited; annealing would enable these films to relax and approach their thermodynamic equilibrium. It should be noted, however, that the amount of additional relaxation is modest even for the 1000 Å thick film, so that the film is still ϳ80% strained to the substrate lattice parameter.
IV. CONCLUSIONS
MBE grown epitaxial SrTiO 3 films on DyScO 3 have the highest reported crystalline quality of any heteroepitaxial oxide thin film ͑including perovskites͒ with rocking curves as narrow as 6.5 arc sec and extremely smooth surfaces, comparable to high quality semiconductor materials. This rocking curve width is an order of magnitude narrower than bulk SrTiO 3 single crystals. The critical thickness for the onset of strain relaxation in the SrTiO 3 / ͑101͒ DyScO 3 system, for the MBE growth conditions used, was between 350 and 500 Å. Postannealing of the samples in different oxygen partial pressures caused no change in the lattice parameters for films below this critical thickness, indicating that oxygen vacancies are not affecting the lattice parameters of these SrTiO 3 films. Annealing did induce further relaxation in films above the critical thickness. The relaxation in this system was found to be anisotropic with almost all of the relaxation in an as-deposited 1000 Å film occurring along the more strained in-plane direction. This is associated with the in-plane anisotropy in the substrate. The relaxation in these films proceeds in a manner more similar to semiconductor materials such as GaAs and Si 1−x Ge x , rather than typical perovskite materials ͑that contain much higher concentrations of structural defects͒. The introduction of dislocations in this system appears FIG. 15 . Detailed AFM ͑a͒ height image and ͑b͒ phase image of the intersection between a crack and a straight step resulting from dislocations ͑crosshatch͒ in an 800 Å thick SrTiO 3 film illustrating that the crosshatch does not extend across the crack. Thus, the cracks must appear during the growth of the film. The scan ͑horizontal͒ direction is along the ͓010͔ inplane direction of the DyScO 3 substrate, the longer in-plane direction.
FIG. 16 . ͑Color online͒ ͑a͒ Scans of the 006 p peak of a 100 Å thick SrTiO 3 film showing no discernible changes due to annealing the film at 750°C in different oxygen partial pressures and ͑b͒ in-plane lattice parameters of the films after a reoxidation annealing in 1 atm of flowing oxygen for 1 h at 700°C, showing a slight increase in the relaxation of the films thicker than the critical thickness.
to be difficult, resulting in the films cracking to relieve the strain energy from the epitaxial mismatch. This cracking of the film leads to raised surface features that are expected to be present in all epitaxial thin films that crack under tensile strain.
